Change of Antiferromagnetic Structure near a Quantum Critical Point in 

CeRhi_a,Coa,In5 
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The elastic neutron scattering experiments were carried out on the sohd solutions CeRhi-^iCoi^Ins 
to clarify the nature of the antiferromagnetic (AF) state in the vicinity of the quantum critical point 
(QCP): Xc ~ 0.8. The incommensurate AF order with the wave vector of = (1/2, 1/2, ~ 0.3) 
observed in pure CeRhlns is weakly suppressed upon doping with Co, and a commensurate 
Qc = (1/2,1/2,1/2) and an incommensurate qi = (1/2, 1/2, ~ 0.42) AF structures evolve at in- 
termediate Co concentrations. These AF orders are enhanced at a; = 0.7, and furthermore the qh 
AF order vanishes. These results suggest that the AF correlations with the q^ and qi modulations 
are significantly enhanced in the intermediate x range, and may be connected with the evolution of 
the superconductivity observed above x ~ 0.3. 

PACS numbers: 71.27.+a, 74.70.Tx, 75.25.+Z, 



I. INTRODUCTION 

The interplay between magnetism and superconduc- 
tivity (SC) in the vicinity of a quantum critical point 
(QCP) is one of the most intriguing subjects in the 
heavy-fermion systems. The QCP is characterized by 
the phase transition at zero temperature, which is gen- 
erated by suppressing a magnetically ordered state via 
changing pressure, magnetic field and chemical composi- 
tion. The SC often emerges near the QCP, and it is there- 
fore believed that the magnetic fluctuation enhanced near 
the QCP plays a crucial role in the formation of the 
Cooper pairs. The recently discovered heavy-fermion 
compounds CeMIns (M = Rh and Co; HoCoGas-type 
tetragonal structure) provide a unique opportunity to 
investigate this subject. CeCoIns is an unconventional 
superconductor characterized by an anomalously large 
specific-heat jump (AC /"fTc = 4.3) at transition temper- 
ature Tc — 2.3 K.^ A strong Pauli-limiting effect gives 
rise to a first-order transition at SC critical field Hc2 
below 0.7 K.^'"^ In addition, above Hc2 the non-Fermi- 
liquid behavior is observed in the temperature variations 
of the specific heat and the resistivity, which is consid- 
ered to be due to the effect of quantum-critical fiuctu- 
ation induced in the proximity of antiferromagnetism^ 
On the other hand, CeRhlns shows an incommensurate 
(IC) antiferromagnetic (AF) order below T/v = 3.8 K 
at ambient pressure, whose structure has been proposed 
to be a helical (spiral) with a propagation vector of 
Qh = (1/2,1/2,0.297),^ As pressure P is applied, Tn 
initially increases to 4 K (P = 0.8 GPa), and then rapidly 
decreases with further increasing P. At the same time, 
the SC develops above 1 — 1.5 GPa. Tc increases with 
increasing P and merges with T/v at the critical pressure 



Pe = 1.9 GPaJ^^ 

It is interesting to investigate the relationship be- 
tween the IC-AF and SC phases for CeRhlns and 
CeCoIns. The specific- heat, magnetization, and 
resistivity measurement o ^ ^ i for mixed compounds 
CeRhi_3;Coa;In5 revealed that the IC-AF phase for pure 
CeRhlns is weakly suppressed upon doping with Co, and 
then vanishes at the QCP: Xc ^ 0.8. The SC phase ap- 
pears above x = 0.4, suggesting the coexistence of both 
phases for intermediate Co concentrations. The obtained 
X — T phase diagram is quite similar to the P — T phase 
diagram for pure CeRhlns. Recently, we found from 
the neutron scattering experiments that a commensurate 
(C) AF order with a modulation of Qc = (1/2, 1/2, 1/2) 
evolves in the IC-AF phase at x ~ QAr^^^ This sug- 
gests that the C-AF correlation is tightly coupled with 
the SC. We expect that further insight on the role of the 
C- and IC-AF correlations to the SC is obtainable from 
both the bulk and microscopic investigations on a wide 
X range. In addition, it is remarkable that the recently 
proposed x — T phase diagraroi^ differs from previous 
one,^^ while it involves the C-AF phase in intermediate 
X range. We have thus performed the specific heat and 
neutron scattering experiments on CeRhi_a;Coa;In5 with 
entire x range to clarify the characteristics of AF states 
near the QCP and find similarity or difference between 
them and the previously reported ones. 



II. EXPERIMENTAL DETAILS 

Single crystals of CeRhi-^jCoajIns were grown from 
an In fiux with appropriate amounts of Ce, Rh and 
Co as starting materials. We prepared rod-type sam- 



2 



pies along the tetragonal [110] direction (typical size of 
~ 1.6 X 1.6 X 15 mm'^) for neutron scattering measure- 
ments by cutting out from the large ingots of the sin- 
gle crystal, and small pieces of single crystal for specific 
heat measurements. The electron probe microanalysis 
(EPMA) measurements for the sample used in the spe- 
cific heat and neutron scattering experiments indicate 
that the estimated Rh/Co concentrations x significantly 
deviate from the nominal (starting) values, which occurs 
frequently in the sample grown by the flux technique. 
Similar deviation of x is also observed in the samples in- 
vestigated previously: ^9, x for the samples used in bulk 
and neutron scattering measurements were estimated to 
be 0.45 and 0.53, respectively, while the nominal x was 
0.4. In fact, a crucial problem on the reproducibility 
caused by the large distribution of x was found in several 
samples. We will thus use the samples with homogeneous 
distribution of x being achieved within a few percent er- 
ror, and adopt the x value estimated from the EPMA 
measurements for each sample throughout this article. 

Specific heat Cp was measured using a ther- 
mal relaxation method in a commercial ^He re- 
frigerator (Oxford Instruments) from 0.5 K to 100 
K. Elastic neutron scattering experiments for x — 
0.05(1), 0.23(2), 0.43(2), 0.53(2) and 0.70(3) were per- 
formed on the triple-axis spectrometers GPTAS (4G) 
and PONTA (5G) located at the JRR-3M research re- 
actor of the JAEA, Tokai. The neutron momentum 
k = 3.83 A" was chosen with the (002) reflection of 
the pyrolytic graphite (PG) for both monochromator and 
analyzer, and a set of 40'-40'-40'-80' collimators together 
with two PG filters was used. The samples were mounted 
in standard Al capsules filled with ''He gas so that the 
scattering plane becomes {hhl), and cooled down to 1.5 
K in a pumped '*He cryostat. In this geometry the sam- 
ple rod is perpendicular to the scattering plane, enabling 
to minimize an effect of high neutron absorption by Rh 
and In. The neutron penetration length in the samples 
for the present k value was calculated to be ~ 1.8 mm. 



III. RESULTS AND DISCUSSION 

Figure 1 shows temperature variations of the specific 
heat divided by temperature Cp/T. A jump associated 
with the IC-AF order is clearly seen at Tmh — 3.8 K 
for x — 0.05. The magnitude of the jump is reduced 
with increasing x, and then the jump becomes obscure 
around ~ 2.8 K at a: = 0.7. A kink anomaly appears 
at Tmc ^ 2.8 K in Cp for 0.22 < x < 0.45 (see the in- 
set of Fig. 1), which originates from the C-AF order 
The evolution of the SC yields another jump in Cp/T at 
Tc = 1.4 — 2 K for x > 0.29, whose magnitude increases 
with increasing x. It seems that the entropy release es- 
timated from Cp/T below Tc is not simply balanced. 
This indicates the existence of large residual entropy be- 
low Tc, which is actually evidenced in pure CeCoIns from 
the Cp/T data taken under strong magnetic fields.^ This 
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FIG. 1: Temperature variations of the specific heat divided 
by temperature Cp/T for CeRhi_a;Coa;In5. The enlargement 
around 3 K for x — 0.45 is shown in the inset. 

feature may be linked with the increase in Cp/T above 
Tjsfh for the lower Co concentrations, suggesting that the 
magnetic critical fluctuation develops around Xc as a con- 
sequence of the suppression of the AF order. These re- 
sults on Cp are basically consistent with the previous 
reports liiii^ii^ 

In Fig. 2, we plot the x — T phase diagram estimated 
from our Cp/T data. Here we define Tjyh and Tc as the 
onset of the jump in Cp/T, and Tnc as the position of 
the kink anomaly. The TMh and Tc values as well as the 
shape of the x — T phase diagram of ours are reason- 
ably comparable to those in the first report i^i On the 
other hand, although an ambiguity on the determination 
of the transition temperatures still remains, there is a 
qualitative difference between our x — T phase diagram 
and recently proposed one)^ former involves both the 
IC- and C-AF phases in the intermediate x range while 
latter does only the C-AF phase. The strong sample qual- 
ity dependence may be responsible for such differences. 
Nevertheless, it is interesting that our x — T phase dia- 
gram for CeRhi._a;Coa;In5, including the existence of the 
C-AF order and the SC, is quite similar to that for the 
isostructural Ir-doped system CeRhi_a;Ir2;In5fi^ 

Displayed in Fig. 3 are neutron scattering patterns for 
the momentum transfers Q = (1/2, 1/2, l+C,) (0 < C < 1) 
obtained at 1.5 K, where the instrumental backgrounds 
were carefully subtracted using data at 5 K. A set of 
satellite Bragg peaks characterized by a single wave vec- 
tor qh = (1/2, 1/2,0.295(3)) was observed for x = 0.05. 
Similar peaks also appear at a; = 0.23, whose modula- 
tion corresponds to that for x = 0.05 within the exper- 
imental accuracy. These peaks can be attributed to the 
occurrence of the IC-AF order, the same as that found 
in pure CeRhlns.— We cannot find any peak due to the 
other AF order at x = 0.23, while Cp at a; = 0.22 
shows the kink at T/vc as well as the jump at T/v^. 
These Co concentrations are the boundary on the oc- 
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FIG. 2: The x — T phase diagram estimated from the Cp/T 
data for CeRhi_2,Coa;In5. Tnh and Tc are determined by the 
onset of the jump in Cp/T, while Tjvc by the kink anomaly. 
The lines are guides to the eye. 



FIG. 3: Neutron scattering pattern at 1.5 K for 
CeRhi_a:Coa:In5 with x = 0.05, 0.43 and 0.7, obtained by 
scans at Q = (1/2, 1/2, 1 + C) (0 < C < 1). The inset shows x 
variations of the AF modulation q — (1/2, 1/2, 5). 



currence of the kink in Cp. Wc thus consider this incon- 
sistency coming from a few percent error of x in these 
samples. At a: = 0.43, we observed the evolution of 
new AF Bragg peaks ascribed to the AF order with the 
C Qc = (1/2,1/2,1/2) structure together with the IC- 
AF Bragg peaks. The modulation of the IC-AF order 
slightly changes to qh = (1/2,1/2,0.303(4)). In addi- 
tion, weak peaks are detected a.t Q = (1/2,1/2,0.40(1)) 
(= qi) and its corresponding positions. However this or- 
der is considered to occur in a shorter range along the 
c axis because the widths of these Bragg peaks are very 
large. These results for x = 0.43 reproduce fairly well 
our previous report .~ We confirmed using polarized neu- 
tron scattering technique that all of these peaks origi- 
nate from the alignments of the magnetic moments.— At 
X — 0.7, on the other hand, the AF orders with qc and 
qi — (1/2,1/2,0.416(5)) modulations are enhanced, and 
simultaneously the g/i-AF order vanishes. The widths of 
these Bragg peaks seem to approach the resolution limit 
(about a few hundred A in the length). We also checked 
a possibility of the other AF state appearing by the scan 
at = (0, 0, 1 C) (0 < C < 1) for X = 0.43 and 0.7, but 
no additional Bragg peak is detected. 

The magnitudes of the volume-averaged AF moments 
/ift, /ii and fic for the q^, qi and qc structures, respec- 
tively, were estimated from the integrated intensities of 
the magnetic Bragg peaks obtained by the longitudinal 
and transverse scans, where the intensities of the weak 
nuclear (110) Bragg peak were used as a reference. In 
accordance with the previous reports^ i^^'^^ we assume 
that both the IC-AF orders have the helical structures, 
and the ordered moments in all the AF states lie in the 
tetragonal basal plane [Fig. 4(a)]. For all the AF states, 
the AF Bragg-peak intensities divided by the polariza- 
tion factor calculated on the basis of above assumptions 
roughly follow the |Q| dependence of the Ce'^"'' magnetic 
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FIG. 4: (a) Arrangements of the magnetic moment on Ce ions 
for helical (q^ and qi) and commensurate (q^) AF structures, 
and (b) x variations of the AF moments Hh, and fic at 1.5 
K for CeRhi_a;Coa;In5. An angle between nearest neighbor 
moments along the c axis for each structure is also shown in 
(a). The inset in (b) indicates x variations of the total AF 
moment at 1.5 K, defined by = {n\ + IJ.\ + ^^Y^^ . 



form factor.^® The x variations of ^h, Mi and /Zc at 1.5 
K are shown in Fig. 4(b). The fxt values a.i x = 0.05 
and 0.23 are estimated to be 0.51(5) iis/Ce and 0.59(2) 
/is/Ce, which are close to the values (0.59 — 0.75 /is/Ce) 
at X = Oi^ii^ For x > 0.43, fii and fic increase in connec- 
tion with a reduction of/i/i, and reach 0.27(2) /xs/Ce and 
0.29(2) /zs/Ce at a; = 0.7, respectively. The total AF mo- 
ment fix [= ifJ-h + Ml + Mc)^^^] shows a weak decrease as 
X approaches Xc 0.8. 
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FIG. 5: Temperature variations of the AF Bragg-peak 
intensities for (a) qh, (b) qi and (c) Qc structures in 
CeRhi_2:Co2:In5, which are mainly estimated at the Q — 
(1/2,1/2,- 1.3), (1/2,1/2,- 1.41), and (1/2,1/2,3/2) posi- 
tions, respectively. The lines are guides to the eye. 



Temperature variations of the AF Bragg-peak intensi- 
ties //i(r), Ii{T) and Ic{T) for qh, qi and qc structures 
are plotted in Fig. 5. We observed that Ih{T) for x — 0.05 
and 0.23 start increasing at 3.8 K, and then show a ten- 
dency to be constant befow — 3 K. At a; = 0.43, compa- 
rable IfiiT) function is seen, but its onset is reduced to 
3.4 K. The Bragg-peak intensity due to the gi-AF order- 
ing (but short-ranged) coincidentally develops at almost 
the same temperature. The onsets of Ih{T) agree with 
Tjv/i defined by the jump anomalies in Cp. Ic{T) for 
X = 0.43 starts increasing at 2.7 K, where we observed 
the kink anomaly in Cp. Ic{T) follows a T-linear func- 
tion in the wide temperature range. At a; = 0.7, on 
the other hand, the onset of Ii{T) gets close to that of 
Ic{T) around 2.9 K, where the broadened jump anomaly 
is observed in Cp. The different types of AF correlations 
exist with nearly the same energy scale, which may be 
responsible for such temperature dependence of Ic{T). It 
should be noted that none of the It [T] and Ii (T) curves 
for all X shows the reduction due to the appearance of 
the C-AF state. This strongly suggests that the C-AF 
order does not replace the IC-AF order but coexists with 
it in the sample, although it is still unclear whether the 
coexistence occurs in microscopic scale or not. 

It is observed that the AF orders with the qc and qi 
modulations simultaneously develop with increasing x, 
followed by the suppression of the g^-AF order. This 
indicates that the AF correlations with the C modula- 
tion qc and its neighbor qi are significantly enhanced 
as X approaches Xc- the quantum critical behavior is 
generated by the suppression of the AF order with qc 
and qi rather than the gft.-AF order, and may be con- 
nected with the evolution of the SC. Such a variation 
of the AF correlation is expected to influence strongly 



the low-energy magnetic fluctuations. For CeRhlus, it 
is pointed out that the AF fluctuation with the qt mod- 
ulation develops at temperature much higher than T^r/j, 
and this may yield the increase in Cp/T above T^h-'^'^ Re- 
cent inelastic neutron scattering experiments using a high 
energy-precision spectrometer revealed that the modula- 
tion of the AF fluctuation does not concentrate on g^, 
but spreads widely along the q = (1/2, 1/2, Q line in the 
q-space.-l For CeCoIns, on the other hand, recent in- 
elastic neutron scattering experiments revealed the evo- 
lution of the magnetic excitation with the C qc modu- 
lation associated with the SC transition, which is con- 
sidered to be the evidence of the coupling between the 
C (7c-AF correlation and the SC. We suggest from these 
features on the AF fluctuation that the AF correlations 
with various propagation vector at around — qc on the 
q = (1/2, 1/2, C) line cooperatively (or competitively) 
emerge in the intermediate x range of CeRhi-^^CoajIns, 
leading to the complicated AF orders at a: ~ Xc- Recent 
de Haas van Alphen experiments for CeRhi_3;Coa;In5 re- 
vealed a dramatical change in the topology of the Fermi 
surface at much lower Co concentration than Xc which 
is expected to strongly influence the variations of the AF 
structure presently observed. 

A simple relationship between the AF order and the 
SC rather than that seen in CeRhi-j^Coj^Ins is realized 
in the CeCo(In,Cd)5 system^ Doping Cd into CeCoIns 
is found to suppress the SC phase, and then generate the 
AF phase above ~ 10% Cd concentration. This AF phase 
involves only the C qc structure^^ In addition, the AF 
transition temperature monotonically increases to — 5 K 
with increasing the Cd content up to 30 %. These prop- 
erties of the AF state contrast sharply with those found 
in CeRhi_2,Coa;In5, where we observed the AF orders 
having both C and IC modulations and the AF transi- 
tion temperature to be kept at — 3.8 K as a; decreases 
from Xc- We consider that such differences may be due 
to the effect of the IC-AF correlations with qh involved 
in CeRhi_a;Coa;In5. 



IV. SUMMARY 

The present neutron scattering and speciflc heat mea- 
surements for CeRhi_a;CoxIn5 confirmed that both the 
AF and SC appear in a wide x range, which is consistent 
with the previous reports i^^i^^ The AF order with the qh 
structure is suppressed with increasing x, and both the 
qc and qi structures emerge in the intermediate x range. 
This suggests that the AF correlations with the C qc and 
its neighbor qi may be tightly coupled with the evolution 
of the SC. 
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